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MIRROR  ANTENNA  DUAL-BAND  LIGHTWEIGHT  MIRROR  DESIGN 

INTRODUCTION 

Several  types  of  microwave  antennas  use  a  half-wave  plate  or  polarization  rotation  mirror  some¬ 
times  called  a  polarization  twist  reflector  or  simply  a  twist  reflector.  Some  configurations  called  mirror 
scan  antennas  use  a  rotatable  flat  mirror  as  a  convenient  means  for  moving  the  antenna  beam.  The 
polarization  rotation  is  used,  as  described  below,  to  see  through  antenna  surfaces  which  would  other¬ 
wise  cause  radio-frequency  (rf)  energy  blockage. 

One  version  of  the  mirror  antenna  uses  two-axis  tilting  of  the  mirror  as  a  convenient  means  for 
beam  movement  in  two-angle  coordinates.  Figure  1  is  a  simplified  view  of  one  scan  axis.  A  fixed  feed 
and  radome-supported  paraboloid  collimate  the  radar  beam.  The  beam  then  propagates  toward  a  mirror 
which  may  be  tilted  by  an  angle  9  to  obtain  a  29  displacement  of  the  radiated  beam.  This  factor  of  two 
permits  very  wide-angle  coverage  with  a  compact  structure  and  is  advantageous  for  accomplishing  high- 
acceleration  beam  movement. 


ft  — hJ 


MIRROR 


Fig.  1  —  Basic  two-axis  mirror  antenna  technique 


The  paraboloid  is  a  grid  of  conductors  parallel  to  the  feed  polarization  and  looks  like  a  solid 
reflector  to  he  radiation  from  the  feed.  The  mirror  is  a  half-wave  plate  or  polarization  twist  reflector 
which  rotates  the  polarization  90°  and  makes  the  grid  paraboloid  transparent  to  the  reflected  radiated 
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energy.  The  received  energy  from  target  echoes,  in  a  radar  application,  has  its  polarization  rotated  (by 
the  mirror)  back  to  an  orientation  parallel  to  the  paraboloid  grid  so  that  it  is  focused  on  the  feed. 

The  mirror  may  be  gimbaled  for  two  axes  of  tilt,  as  illustrated  in  Fig.  2,  to  perform  a  two-angle 
coordinate  scan  with  greater  than  half-hemisphere  coverage.  Major  advantages  of  the  mirror  scan 
antenna  include  (a)  the  capacity  for  beam  scanning  with  no  waveguide  rotary  joints  for  reliability  and 
low-loss  operation,  (b)  the  very  wide-angle  scan  capability  with  low-scan  loss,  and  (c)  the  ability  of 
beam  scanning  with  high  acceleration  and  velocity  because  the  only  moving  parts  are  the  lightweight 
mirror  and  its  actuators. 


Mirror  scan  antennas  in  present  use  include  an  Israeli  airborne  radar  application  [1]  patterned 
after  an  experimental  Westinghouse  monopulse  radar  wide-angle  scan  mirror  antenna  (Westinghouse 
Model  WX-200).  The  current  systems  are  for  single-band  operation;  however  another  major  advantage 
of  the  mirror  scan  antenna  is  its  potential  for  dual-band  or  multiband  operation.  The  major  design  prob¬ 
lem  is  the  dual-band  mirror. 

This  report  covers  the  theory,  basic  design,  optimization,  and  fabrication  of  a  lightweight  dual¬ 
band  mirror  for  the  mirror-scan  antenna.  The  background  section  discusses  the  basic  half-wave-plate 
design  and  the  current  approaches  for  wide-band  operation.  This  background  section  provides  the  basis 
for  the  design  described  here  and  its  dual-band  optimization  for  a  wide  range  of  aspect  angles. 


BACKGROUND 

Figure  3  represents  a  simple  single-grid  mirror.  The  illuminating  rf  energy  first  arrives  at  a  grid  of 
wires  oriented  at  45°  to  its  polarization.  This  grid  divides  the  energy  into  two  components,  one  parallel 
to  the  grid  which  is  reflected  by  the  grid  and  the  other  perpendicular  to  the  grid  which  passes  through 
the  grid  and  is  reflected  by  the  solid  conducting  surface  behind  the  grid. 
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V  .  REFLECTS  FROM 
REFLECTED  E-FIELD  X  GRID  SURFACE 

(REFERENCED  TO  GRID  SURFACE  „ _ 

/  TOTAL 

REFLECTS  FROM 
GROUND  PLANE 
SHIFTED  180° 
BECAUSE  OF 
X/2  ROUND  TRIP 


Fig.  3  —  Basic  half-wave-plate  (twist  reflector)  design 


The  simplest  version  of  the  half-wave  plate  assumes  a  dense  grid  spaced  a  quarterwave  above  the 
conducting  surface.  The  dense  grid  looks  like  a  solid  conductor  surface  to  the  parallel  polarization  com¬ 
ponent  which  reflects  at  that  point.  The  perpendicular  component  travels  the  additional  distance  to  the 
conducting  surface  and  back  for  a  half-wave  additional  two-way  path  when  it  arrives  back  at  the  grid. 
The  perpendicular  polarization  component  is  therefore  delayed  180°  relative  to  the  parallel  component 
when  it  arrives  back  at  the  grid  as  illustrated  in  Fig.  3.  The  resultant  sum  of  the  components  is  a 
polarization  vector  at  90°  to  the  arriving  polarization;  thus,  the  desired  90°  rotation  of  the  polarization 
is  accomplished. 

A  more  general  analysis  by  Hannan  [2]  assumes  a  variable  normalized  grid  susceptance  B*  and 
variable  spacing  between  the  grid  and  the  conducting  surface.  Because  of  a  lower  density  grid,  some  of 
the  parallel  polarization  component  can  pass  through  the  grid.  These  two  parts  of  the  parallel  com- 
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ponent  can  then  be  combined  to  produce  the  desired  phase  relation  with  the  perpendicular  component 
for  a  given  relation  between  Bw  and  distance  L  between  the  grid  and  conducting  plane.  Hannan  shows 
that  the  least  frequency  and  aspect  sensitivity  occurs  for  a  normalized  grid  susceptance  of  —2.05  and  a 
grid  spacing  of  0.358X  from  the  conducting  surface.  The  theory  leading  to  these  results  will  be  covered 
under  Single-Grid  Half-Wave-Plate  Design. 

An  ultrawide-band  mirror  technique  invented  by  Lewis  and  Shelton  [3]  is  based  on  a  different 
mirror  configuration  which  allows  a  controlled  movement  of  effective  reflection  points  as  a  function  of 
frequency  for  each  of  the  two  polarization  components.  This  control  provides  the  means  for  maintain¬ 
ing  a  quarter-wavelength  spacing  essentially  independent  of  frequency. 

The  ultrawide-band  performance  is  accomplished  with  orthogonal  interlaced  arrays  of  log-periodic 
elements,  each  set  coupling  to  one  of  the  orthogonal  polarization  components.  By  proper  design,  the 
effective  reflection  point  within  the  elements  will  move  as  a  function  of  frequency  to  provide  the 
desired  relative  phase  between  orthogonal  components. 

The  ultrawide-band  design  is  excellent  for  applications  such  as  the  mirror  scan  antenna 
configuration  [3]  invented  by  Lewis  [4]  where  the  mirror  rotates  continuously  at  constant  velocity,  and 
mass  is  not  a  problem.  Lightweight  versions  may  be  possible,  but,  it  is  expected  that  the  thinnest  and 
lightest-weight  mirror  for  two-frequency  operation  is  a  two-grid  design  as  described  in  this  report. 

An  example  of  a  two-grid  mirror  designed  for  two  frequencies  for  the  purpose  of  providing  a 
moderately  wide-band  twist  reflector  is  given  by  Josefsson  [5]  who  shows  that  a  mirror  with  two  parallel 
grids  can  be  designed  for  theoretically  perfect  90°  polarization  rotation  at  each  of  two  frequencies  for  a 
given  relation  of  grid  susceptances  and  spacing.  Also,  for  a  reasonable  separation  of  the  twTo  design  fre¬ 
quencies,  good  performance  is  obtained  in  the  band  between  the  two  frequencies.  Josefsson  describes  a 
specific  example  of  susceptance  values  and  selection  of  a  ratio  of  the  two  design  frequencies  of  1.5  to 
demonstrate  the  wide-band  capability.  His  analysis  is  limited  to  only  the  normal  aspect  of  the  mirror. 
He  further  indicates  that  theoretical  coverage  of  both  wide  bandwidth  and  variable  aspect  angle  "will 
certainly  be  very  complicated.”  Although  the  theory  becomes  complex  for  optimizing  over  variable 
aspect,  experimentation  with  parameters,  as  described  below,  leads  to  good  optimization  over  the 
desired  aspect  range.  The  work  of  Hannan  and  Josefsson  provides  a  useful  aid  in  the  design  of  the 
dual-band  mirror  with  operation  over  a  wide  aspect  range. 

SINGLE-GRID  HALF-WAVE-PLATE  DESIGN 


The  single-grid,  single-band  mirror  design  by  Hannan  is  a  useful  basis  for  polarization  twist  mirror 
designs.  His  work  covers  the  basic  transmission  line  analysis  with  consideration  of  the  effect  of  a  range 
of  aspect  angles.  He  also  discusses  practical  considerations  in  mirror  construction  including  theoretical 
treatment  of  the  effect  of  a  dielectric  layer  for  support  of  the  grid  and  dielectric  core. 

Hannan’s  theoretical  analysis  is  based  on  the  mirror  geometry  as  illustrated  in  Fig.  4(a)  and  the 
equivalent  transmission  lines,  Fig.  4(b),  for  perpendicular  and  parallel  polarization  where  \  is 
wavelength  and  a  is  aspect  angle  (a  —  0  is  the  normal  to  the  mirror  as  assumed  in  the  above  discus¬ 
sions).  Figure  4(b)  also  indicates  that  for  an  inductive  grid,  the  apparent  short  circuit  or  reflection  point 
is  behind  the  grid  (between  the  grid  and  conducting  surface). 


An  approximation  to  the  normalized  susceptance  of  the  wire  grid  is 


X 
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Fig.  4  —  General  design  with  wires;  (a)  cross  section,  and  (b)  equivalent  transmission  lines 


which  is  a  good  approximation  when  the  wire  spacing  S  is  small  compared  to  a  wavelength  and  the  wire 
diameter  D  is  much  smaller  than  S. 


To  obtain  the  desired  90°  polarization  twist,  the  admittance  Yi  of  the  transmission  line  for  the 
perpendicular  polarization  component  must  equal  the  reciprocal  of  the  admittance  of  the  parallel  com¬ 
ponent  Yu  or 


k-4- 


The  normalized  admittance  values  observed  at  the  location  of  the  grid  are 

27 tL  cos  a 


Yi  .  , 

—  =  -  j  cot 
r0 


—  =  -  j  cot 
■*0 


27 tL  cos  a  .  ,BW 

7 - +  J7T 


where  Y0  is  the  susceptance  of  free  space. 


(2) 

(3) 

(4) 


The  value  of  Bw  for  90°  polarization  twist  is  obtained  by  substituting  Eqs.  (3)  and  (4)  in  Eq.  (2) 
giving 


Bw 

—  =  2  esc 

■<0 


47 tL  cos  a 


(5) 


Observe  that  the  normalized  susceptance  BJ  Y0  can  have  any  value  from  infinity  to  two  and,  for  nega¬ 
tive  susceptance  of  a  grid  of  wires,  the  spacing  between  the  grid  and  conducting  surface  must  be 
between  X/4  and  X/2. 


From  a  practical  construction  consideration,  the  smallest  value  of  Bw/Y0  (corresponding  to 
L  =  0.375X  and  a  =  0)  is  desirable  because  a  minimum  number  of  conductors  are  required  for  a  given 
wire  size.  Also,  by  analyzing  for  minimum  sensitivity  to  frequency  and  aspect  angle,  Hannan  solves  for 
specific  optimum  values  and  obtains 

-  C.°S  ~  =  0.358  and  BJ  T0  =  -2.05. 

A. 

These  values  are  fortunately  close  to  the  desired  minimum  value. 
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Hannan  further  considers  the  effect  of  a  dielectric  core  between  the  grid  and  conducting  surface 
and  the  effect  of  the  capacitive  suspectance  of  a  dieletric  skin  for  covering  and  supporting  the  grid 
structure.  In  general,  a  low-loss,  low-dielectric  constant  core  and  a  thin  (in  wavelength)  low-loss  dielec¬ 
tric  skin  can  be  used  with  little  effect  on  performance.  The  dielectric  constant  of  the  core  is  considered 
in  calculating  electrical  distance  between  the  grid  and  conducting  surface.  The  thin  dielectric  skin  pro¬ 
vides  a  capacitive  (positive)  suspectance  which  is  compensated  by  a  smaller  grid-to-conducting-surface 
spacing. 

DUAL-GRID  DUAL-BAND  HALF-WAVE-PLATE  DESIGN 


The  analysis  for  the  dual-grid  design  is  similar  to  that  by  Hannan  for  the  single  grid.  The  dual-grid 
configuration  is  described  in  Fig.  5(a).  Using  the  symbols  of  Fig.  5(a),  the  susceptances  for  Grid  No.  1 
are 


and  Grid  No.  2  are 


X 

Si  cos  a 


l _ 

A. 

77^1 


X 

S 2  cos  a 


Also,  the  susceptance  for  the  dielectric  skin  is 

b±  2^T^s- 1) 

Y0  X 

where  Tis  the  skin  thickness  (T  <  <  X)  and  e5  is  the  skin  dielectric  constant. 


(6) 


(7) 


(8) 


(a) 


WIRE  GRIDS 


DIELECTRIC 


MATER  AL 


CONDUCTING 

PLATE 


DIELECTRIC  SKI 


(b) 


(c) 


Fig.  5  —  Two-grid  mirror  design;  (a)  cross  section,  (b)  eqi- 
valent  transmission  line  for  the  parallel  polarization  com¬ 
ponent,  and  (c)  equivalent  transmission  line  for  the  perpen¬ 
dicular  polarization  component 
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The  skin  susceptance  equation  is  valid  only  at  normal  incidence;  however,  as  indicated  by  Han¬ 
nan,  it  yields  approximately  the  best  average  value  for  Zs-plane  and  //-plane  oblique  incidence. 

The  values  of  0]  and  02  are  the  electrical  distances  indicated  including  the  effect  of  the  supporting 
dielectric  core. 


The  mirror  is  to  be  designed  for  operation  at  two  frequencies  fa  and  fb.  The  frequency  fa  is 
greater  then  fb  by  a  ratio  R.  All  values  for  B s  and  0's  are  proportional  or  inversely  proportional  to  the 
frequency.  For  convenience,  all  values  of  B s  and  9's  are  calculated  for  fb  and  values  for  fa  will  be  the 
B s  and  9's  calculated  for  fb  and  modified  by  R. 


The  equivalent  transmission  lines  for  the  parallel  and  perpendicular  polarization  components  are 
given  in  Figs.  5(b)  and  5(c)  where  the  grid  locations  are  indicated  by  their  susceptance  symbols.  The 
line  admittances  are  calculated  at  the  location  of  the  outer  grid  (Grid  No.  1)  by  moving  admittances 
from  the  shorted  end  to  the  position  of  Grid  No.  1  and  using  the  usual  equation 


II 

Yo 


Yd 

Yo 

4-  j  tan  0 

Yd 

1  +  J 

—  tan  0 

Yo  J 

(9) 


where  Yc  is  the  normalized  admittance  observed  at  point  C  resulting  from  an  admittance  Yd  at  point  d 
where  their  separation  is  an  electrical  length  9. 


In  the  simpler  case  of  Fig.  5(c),  for  perpendicular  polarization,  the  admittance  of  the  short  is 
moved  through  a  distance  0!  +  02  (bypassing  Grid  No.  2  which  is  invisible  to  parallel  polarization)  and 
added  to  the  admittance  of  the  dielectric  skin  Bs  giving  (at  /b) 


j  Bs  -  j  cot  (9X  +  92)  ■ 


(10) 


The  process  for  parallel  polarization  with  the  transmission  line  of  Fig.  5(b)  is  similar.  The  admittance 
of  the  short  is  moved  through  distance  92  to  Grid  No.  2  and  added  to  the  admittance  of  Grid  No.  2. 
This  combined  admittance  is  then  moved  through  distance  9]  to  Grid  No.  1.  It  is  then  added  to  the 
admittance  of  both  Grid  No.  1  and  the  dielectric  skin  giving  (at  /b) 


Yb\\  =  •  R  ,  •  d  ,  J(B 2  ~  cot  g2)  +  J_  tan  0t 
Yq  J  s  J  1  1  —  (B2  —  cot  02)  tan  0t 


(ID 


For  90°  polarization  twist,  the  admittance  of  the  two  lines  must  be  reciprocals  as  stated  in  Eq.  (1). 
By  substitution,  the  relation  between  parameters  is  (at/b) 


B ,  = 


cot  (0)  +  e2)  -  bs 


-Bs- 


B2  —  cot  92  +  tan  6\ 

1  —  B2  tan  0i  +  cot  02  tan  0! 


(12) 


The  same  analysis  is  performed  at  frequency  fa  by  using  the  ratio  R  as  previously  described  to 
scale  susceptance  and  distance  for  frequency  fb.  The  resulting  line  susceptances  are  (at  /a) 


and  (at  /a) 


Yal  =  j  RBS  -  j  cot  (R0!  +  R62) 


Ya ii  =  j  RBS  +  j 


R 


+ 


B2 

j  — - cot  R92  +  j  tan  R9X 


i  B2 

1  : - ^ —  cot  R92  tan  R9{ 


(13) 


(14) 
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The  modification  of  Eqs.  (10)  and  (11)  by  R  corresponds  to  the  relations  that  the  capacitive  suscep- 
tance  is  proportional  to  /,  the  inductive  susceptance  of  the  grids  are  inversely  proportional  to  /,  and  the 
electrical  length  of  a  given  distance  is  proportional  to  f.  By  equating  reciprocals  of  admittances,  the  fol¬ 
lowing  relation  between  parameters  is  determined  (at  fa  ): 


B2  —  R  cot  ( R82 )  +R  tan  (R8x 


(15) 


RBS  •  cot  R  (Qi  +  02) 


B2 

1 - —  tan  (R92)  +  cot  ( RQ2 )  tan  ( R8i ) 

K 


Equations  (12)  and  (15)  each  allow  choice  of  values  for  Bs>  B2,  9lt  and  92.  To  satisfy  the 
reciprocal  relation  of  Yt  and  Yn  for  f(a)  and  f(b)  simultaneously,  these  equations  may  be  equated  to 
each  other  resulting  in  a  quadratic  relation  for  B2  in  terms  of  Bs,  8 and  82: 

B2  t V -  T(1  +  ST)]  +  B2[W  +  VX  —  Z(  1  +  ST)  -  T(5’1K  +  70]  +  WX-Z{SV  +  T)  =0  (16) 
where 

S  =  R  tan  R  (9y  +  92 )  -  tan  (6\  +  02), 

T  =  tan  —  cot  02, 

V  =  tan  01( 

W  =  1  +  cot  02  tan  8U 
X  =  R  [tan  ( Rdi )  —  cot  (R02)1> 


Y=-^-  (R9J,  and 
K 


Z  =  1  +  cot  (R92)  tan  CiR0i). 

In  addition,  the  effect  of  aspect  angle  a  must  also  be  taken  into  account  in  the  values  of  grid  sus- 
ceptances  (  Bx  and  B2 )  and  electrical  lengths  (  8  2  and  02  ).  Observe  from  Eq.  (1)  that  grid  susceptance 
is  approximately  inversely  proportional  to  cos  a.  Also,  the  electrical  lengths  of  9i  and  82  are  propor¬ 
tional  to  cos  a  (see  Ref.  3).  Therefore,  9\  and  d2  can  be  replaced  by  i/!  mjs  a  and  92  cos  a  respectively. 
Using  Eq.  (1)  for  grid  susceptances  and  the  above  substitutions  for  9\  and  82  provides  the  aspect  angle 
relation  when  calculating  YL  and  Tj|. 

The  equations  allow  the  selection  of  parameters  for  the  desired  90°  polarization  twist  at  each  of 
two  frequencies  for  a  given  aspect  angle.  Consequently,  the  performance  will  be  in  error  to  some 
degree  at  all  other  aspect  angles.  The  following  is  a  discussion  of  the  procedure  used  to  optimize  perfor¬ 
mance  for  the  mirror  antenna  application. 

DESIGN  OPTIMIZATION  FOR  DUAL-BAND  TWO-AXIS  MIRROR  ANTENNA 

To  design  the  dual-band  polarization  twist  mirror  for  operation  over  a  range  of  aspect  angles,  it  is 
necessary  to  provide  a  measure  of  performance  at  aspect  angles  other  than  the  aspect  of  perfect  90° 
polarization  twist,  and  to  investigate  how  the  parameters  may  be  optimized  for  best  overall  perfor¬ 
mance.  One  way  of  examining  the  performance  of  the  mirror  at  other  aspect  angles  is  to  calculate  the 
amount  of  undesired  polarization  energy.  The  attenuation  of  undesired  polarization  Pu  given  by  Ref.  5 
is 


(17) 


where  YL  and  YH  and  pure  susceptance. 
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The  performance  is  evaluated  by  plotting  Pu  of  Eq.  (17)  vs  aspect  angle.  The  smaller  the  value  of 
P(u)  the  better  the  performance. 

Aspect  angle  has  generally  been  assumed,  in  most  references,  to  be  in  a  plane  perpendicular  to 
the  grid  wires  such  as  the  angle  a  illustrated  in  Fig.  6.  This  assumption  is  of  some  concern,  since  it  is 
not  obvious  that  grid  susceptances  will  have  the  same  function  vs  aspect  angle  for  aspect  angles  in  other 
planes.  An  example  is  angle  / 3  in  Fig.  6  in  a  plane  parallel  to  the  grid  wires. 


z 


Fig.  6  —  Planar  wire  grid  with  a  plane  wave  at  arbitrary  incidence 


Wait  [6]  analyzed  the  performance  for  arbitrary  incidence  angles  and  gave  a  more  generalized 
form  for  grid  susceptance 


*o 


A. 

S  cos  a  cos  /3 


(18) 


where  a  and  fi  are  defined  in  Fig.  6, 

S  is  grid  wire  separation  (between  centers),  and 
d  is  grid  wire  diameter. 


One  problem  is  that  operational  angles  of  incidence  will  include  aspect  angles  in  planes  at  45°  to  the 
wire  grid  which  are  not  a  simple  relation  to  a  and  /3.  This  problem  is  discussed  in  the  appendix  of  this 
report,  showing  that  aspect  angle  a  in  a  45°  plane  gives  the  relation 


*„(45) _ A _ 1 


1  +  (  cos  y)2 

1 

s 

2(  cos  y)2 

in 

77  d 

(19) 


Although  this  function  appears  significantly  different  from  Eq.  (18),  the  difference  is  small  over 
the  range  of  aspect  angles  of  interest.  Also,  as  described  in  the  appendix,  the  resultant  performance 
plots,  which  are  discussed  below,  have  insignificant  differences  between  the  parallel  or  perpendicular 
aspect  planes  and  the  45°  aspect  plane.  Therefore,  performance  is  discussed  below  on  the  basis  of  aspect 
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angle  a  where  it  is  assumed  that  performance  for  aspect  angles  in  other  planes  will  be  the  same  or  have 
insignificant  differences. 

Equation  (17)  was  programmed  to  plot  Pu  vs  aspect  angle.  Figure  7  is  a  typical  plot  with  the  mir¬ 
ror  parameters  chosen  to  give  good  overall  performance.  The  parameters  are  determined  for  a  given 
aspect  angle.  As  seen  in  the  plot,  infinite  attenuation  of  the  undesired  polarization  component  is 
achieved  at  that  aspect  angle.  The  lower  frequency  performance  holds  its  shape  consistently  for  a  wide 
range  of  parameters.  The  higher  frequency  is  observed  to  have  a  second  performance  peak  at  a  wider 
aspect  angle,  which  is  useful  for  providing  good  operation  over  a  wider  aspect  range. 


Fig.  7  —  Performance  vs  aspect  angle  at  (a)  3.0  GHz,  and  (b)  9.3  GHz 


An  initial  design  step  for  the  lower  frequency  performance  shaping  is  to  move  the  ideal  aspect  as 
far  from  the  mechanical  axis  (zero-aspect  angle)  as  possible  while  retaining  a  sufficiently  low  value  of 
the  undesired  polarization  energy  at  zero  aspect. 

The  significance  of  the  zero-aspect  performance  is  that  all  the  undesired  polarization  energy 
reflects  back  into  the  feed  appearing  as  a  mismatch.  Therefore,  by  specifying  a  maximum  voltage 
standing-wave  ratio  (VSWR)  of  1.2,  for  example,  the  corresponding  allowable  reflected  energy  may  be 
calculated.  For  the  VSWR  of  1.2  max,  the  reflected  energy  must  be  —20.8  dB  or  less. 

Typically,  performance  becomes  worse  at  wide  aspect  angles  as  observed  in  Fig.  7.  It  is  difficult  to 
determine  a  specific  lower  performance  limit  at  the  wide  aspect  angles.  At  aspects  other  than  near  zero, 
the  undesired  energy  does  not  reflect  back  into  the  feed  so  that  a  simple  VSWR  specification  cannot  be 
used.  Also,  at  the  wider  aspect  angles,  less  of  the  energy  reflected  from  the  mirror  passes  through  the 
paraboloid.  For  example,  at  45°  aspect,  none  of  the  energy  reflected  from  the  mirror  passes  through  the 
paraboloid  so  that  the  resultant  energy  transfer  by  the  antenna  is  unaffected  by  the  undesired  polariza¬ 
tion  component. 

At  wide  aspect  angles,  where  part  of  the  energy  flows  through  the  paraboloid,  the  undesired  polar¬ 
ization  represents  energy  scattered  by  the  paraboloid.  This  appears  as  partial  blockage  of  the  beam.  This 
blockage  loss  is  relatively  small,  but  it  is  asymmetrical  and  will  have  some  effect  on  sidelobes  and 
monopulse  boresight. 

In  general,  the  capability  of  shaping  the  performance  of  the  mirror  is  limited,  particularly  at  the 
lower  frequency.  Figure  8  illustrates  the  observed  consistent  shape  of  the  performance  curve  with  con- 
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trol  of  the  trade-off  of  zero-aspect  performance  vs  wide  aspect  angle  performance.  As  zero-aspect  per¬ 
formance  decreases,  wide  aspect  angle  performance  increases  (curve  1  vs  curve  2).  Therefore,  the 
basic  approach  is  to  adjust  zero-aspect  performance  to  approximately  the  minimum  value  necessary  to 
meet  the  VSWR  requirement  thus  allowing  the  best  wide-angle  performance. 


Fig.  8  —  Performance  (curves  1  and  2)  vs  aspect  angle 
at  3.0  GHz  for  two  outer  grid  locations 


The  adjustment  performed  in  Fig.  8  is  achieved  by  changing  the  distance  of  the  outer  grid  from 
the  conducting  surface  (0!  +  02)  which,  in  this  case,  is  from  119°  for  curve  1  to  114.5°  for  curve  2, 
This  adjustment  also  affects  the  performance  at  the  higher  frequency.  However,  it  is  observed  that 
some  parameters  can  be  changed  without  significant  change  of  the  lower  frequency  performance,  allow¬ 
ing  relatively  independent  adjustment  of  higher  frequency  performance.  For  example,  after  the  outer 
grid  is  located  for  desired  lower  frequency  performance,  the  inner  grid  may  be  adjusted  to  regain  the 
desired  higher  frequency  performance  without  desturbing  the  lower  frequency  performance.  This  is 
illustrated  in  Fig.  9. 


Fig.  9  —  Performance  (curves  1,  2,  and  3)  vs  aspect  angle  for  different  inner  grid  normalized 
susceptances  at  (a)  3.0  GHz,  and  (b)  9.3  GHz 
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One  problem  in  fabrication  of  the  final  wire  grid  twist  reflector  (see  section  on  mirror  fabrication) 
is  that  it  is  difficult  to  hold  tolerances  with  the  thickness  of  the  outside  epoxy/fiberglass  protective  sur¬ 
face.  The  variation  of  possible  thickness  resulted  in  a  relatively  wide  range  of  capacitive  susceptance 
values  at  the  outer  grid. 

By  experimenting  with  the  effect  of  parameters  on  computed  performance  plots,  it  was  found  that 
reducing  electrical  separation  between  grids  and  the  grid-to-conducting  plane  provides  good  results  with 
high  tolerance  to  variation  in  capacitive  susceptance  of  the  epoxy/fiberglass  protective  surface.  Figure 
10  illustrates  the  results  of  reducing  electrical  spacings  to  28°  for  the  conducting  surface  to  inner  grid, 
and  1110  for  the  conducting  surface  to  outer  grid.  The  curves  are  plotted  for  outer  grid  normalized  sus¬ 
ceptance  values  ranging  from  0.8  to  1.3  to  demonstrate  the  high  tolerance  to  variation  of  outer  skin 
thickness. 


(a) 


(b) 


Fig.  io  —  Twist  reflector  performance  vs  aspect  angle  for  different  normalized  capacitive  susceptance 

values  at  (a)  3.0  GHz,  and  (b)  9.3  GHz 


Figure  7  also  illustrates  the  trade-off  considerations  between  zero-aspect  performance  and  perfor¬ 
mance  at  other  aspect  angles.  First,  large  aspect  angle  performance  requires  major  parameter  changes  to 
alter  its  character;  however,  good  performance  need  only  be  provided  for  aspect  angles  from  zero  to 
aspects  where  the  signal  no  longer  passes  through  the  paraboloid.  Therefore,  the  major  trade-offs  are 
between  performance  at  zero  aspect  and  at  the  25°  to  30°  aspect.  Similar  to  the  lower  frequency  design, 
the  best  choice  is  to  select  the  minimum  performance  at  zero  aspect  which  meets  the  VSWR  require¬ 
ment  and  provides  the  best  performance  in  the  25°  to  30°  performance  dip  region. 

A  consideration  of  performance  at  wide  aspect  angles  is  that,  as  mentioned  above,  significant 
energy  will  pass  to  the  side  of  the  paraboloid  where  the  undesired  polarization  energy  will  not  be 
reflected  by  the  paraboloid.  This  imperfectly  rotated  energy  or  undesired  polarization  energy  is  useful  in 
the  sense  that  the  system  is  reciprocal,  and  echoes  from  the  undesired  polarization  component  will  be 
received  and  contribute  to  echo  energy.  It  is  termed  undesired  because,  if  it  is  reflected  by  the  para¬ 
boloid,  it  can  be  harmful  to  the  transmitter  or  increase  far-out  sidelobes. 
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At  very  wide  aspect  angles,  the  undesired  polarization  completely  misses  the  paraboloid  and  is  of 
no  consequence  in  terms  of  rf  efficiency.  The  efficiency  problem  is  a  result  of  the  shadowing  of  this 
polarization  component  at  smaller  aspect  angles.  Figure  11(b)  plots  the  amount  of  blockage  of  the 
undesired  polarization  energy  where  0  dB  is  100%  blockage.  This  curve  assumes  uniform  illumination 
over  the  collimated  beam.  In  practice,  the  blockage  percentage  will  drop  even  more  quickly  vs  aspect 
for  a  practical  illumination  taper.  From  an  energy  blockage  standpoint,  the  cross-polarized  energy  plot 
of  Fig.  7.  should  be  modified  to  account  for  the  fact  that  not  all  the  energy  is  required  to  pass  through 
the  reflector  (as  illustrated  in  Fig.  11(a)).  Figure  12  shows  the  results  of  including  this  effect.  Thus, 
the  actual  energy  lost  because  of  the  undesired  polarization  can  be  held  to  the  order  of  —20  dB  or  less. 


Fig.  11  —  (a)  Illustration,  and  (b)  plot  vs  aspect  angle 
of  blockage  of  undesired  polarization 


Fig.  12  —  Energy  lost  vs  aspect  angle  with  (dashed  curves— 1)  and  without 
(solid  curves— 2)  blockage  consideration  at  (a)  3.0  GHz,  and  (b)  9.3  GHz 
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Other  factors  are  significant,  however,  including  the  fact  that  the  blockage  is  asymmetrical.  This 
asymmetry  can  cause  sidelobe  levels  to  increase  and  potentially  introduce  a  boresight  shift.  For  values 
of  —20  dB  or  lower,  these  asymmetry  effects  are  not  expected  to  be  significant. 

SPECIFIC  PRACTICAL  DESIGN  TASKS 

Three  methods  of  mirror  construction  were  studied.  They  are  basically  similar  and  the  electrical 
differences  concern  the  location  and  capacitive  susceptance  of  dielectric  structural  support  layers.  The 
three  methods  are  (a)  wire  grids  for  sample  measurements  with  wires  stretched  between  supports  — 
this  is  the  simplest  configuration  with  no  dielectric  supporting  the  grids  and  no  dielectric  between  grids; 
(b)  grids  etched  on  copper-clad  dielectric  with  the  dielectric  skins  holding  the  copper  strips  —  this 
configuration  is  a  dielectric  outer  layer  with  the  etched  copper  grid  on  the  inner  surface,  for  both  grids 
which  are  spaced  by  low  dielectric,  constant,  low-loss,  polyurethane  foam  layers;  and  (c)  wire  grids 
layed  on  the  foam  spacers  and  held  with  adhesive  spray  —  this  allows  very  small  capacitive  susceptance 
except  for  an  outer  layer  of  epoxy  and  thin  fiberglass. 

Samples  of  all  three  approaches  were  measured.  The  first  configuration,  although  not  practical  for 
most  mirror  applications,  gave  good  reference  data  on  performance  with  no  dielectrics  involved.  This 
configuration  was  limited  by  edge  effects  which  were  significant  because  of  the  wire  support  structure 
and  because  measured  samples  were  relatively  small. 

A  sample  of  the  second  configuration  with  etched  strips  was  compared  with  a  sample  of  the  third 
configuration  with  wires.  Although  the  performance  vs  aspect  was  similar,  a  small  loss  of  about  1  dB  or 
less  was  indicated  with  the  measurements  of  the  etched  grid.  No  specific  explanation  was  found;  how¬ 
ever,  the  adequacy  of  the  copper  thickness  of  the  etched  grids  (0.0007  in.  with  1/2  oz.  copper)  caused 
some  concern.  Although  skin  depth  at  S-band  is  only  a  small  part  of  this  thickness,  the  thin  grid  could 
potentially  be  a  contributor  to  a  small  loss.  Also,  the  etched  grid  width  of  only  a  few  thousandths  of  an 
inch  was  difficult  to  produce  and  some  small  gaps  in  grid  strips  were  observed. 

Samples  were  tested  in  an  anechoic  chamber  by  using  a  variable  polarization  horn  source  and  a 
movable  receiving  horn,  as  illustrated  in  Fig.  13.  The  receive  horn  was  placed  at  locations  correspond¬ 
ing  to  various  beam  scan  angles,  2a,  which  are  twice  the  aspect  angles.  A  flat  plate  equal  in  size  and 
shape  to  the  twist  reflector  was  used  as  a  reference. 


A 


TRANSMIT 

(VARIABLE  POLARIZATION) 


2a 


RECEIVE 

(VERTICAL  POLARIZATION) 


TWIST  REFLECTC 
OR  METAL  PLATE 


a  =  ASPECT  ANGLE 


Fig.  13  —  Setup  for  experimental  sample  measurements 
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Figure  14  shows  typical  data  for  three  values  of  2a.  The  reference  plate  was  oriented  to  give  a 
peak  output  at  the  receiver.  Also,  the  transmitter  and  receiver  polarization  were  parallel  for  peak  recep¬ 
tion.  The  transmitter  polarization  was  rotated,  causing  the  vertical  line  plot  to  go  from  peak  output  to 
noise.  A  short  horizontal  line  was  plotted  where  the  antenna  polarizations  were  parallel  and  at  90°. 

This  process  was  repeated  with  several  twist  reflector  samples,  but  the  peak  response  always 
occurred  when  the  polarization  twist  equalled  90°  as  desired.  The  undesired  component  level,  when  the 
antenna  polarizations  were  parallel,  is  indicated  by  the  short  horizontal  line  plot  at  the  bottom  of  verti¬ 
cal  plot.  In  some  cases,  the  minimum  coupling  between  antennas  was  a  few  decibels  lower  than  the 
value  measured  when  the  two  antennas  were  aligned  for  parallel  polarization.  This  indicates  that  the 
maximum  cross-polarized  condition  occurs  at  an  antenna  polarization  slightly  different  than  90°. 

The  data  in  Fig.  14  show  the  comparison  of  the  etched  (printed)  grid  and  wire  grid  twist  reflectors 
with  a  flat  metal  plate  as  a  reference.  The  following  undesired  polarization  values  illustrate  readings 
from  the  data: 

•  (2  a)  =  10°:  printed  grid, —18  dB;  wire  grid, -32  dB 

•  (2  a)  =  20°:  printed  grid,  —20  dB;  wire  grid,  —34  dB 

•  (2  a)  =  30°:  printed  grid,  —33  dB;  wire  grid,  —22  dB 

A  major  limitation  of  the  experimental  measurements  was  the  edge  effect  of  small  samples.  The 
wire  grid  used  threaded  rods  on  the  edge  for  spacing  the  wires,  and  the  etched  grid  terminated  in  open 
wires.  Consequently,  the  results  are  qualitative  but  peak  values  of  the  line  plots  differ  about  1  dB  or 
less  from  the  flat  plate  reference. 

Figure  15  shows  the  calculated  performance  of  a  twist  reflector  mirror  sample  design  compared 
with  measured  results.  Considering  the  potential  error  from  edge  effect,  which  becomes  increasingly 
worse  with  increasing  aspect  angle,  there  is  a  good  qualitative  match  between  measurement  and  theory. 

TWIST  REFLECTOR  FINAL  DESIGN 

The  specific  values  selected  for  this  mirror  antenna  with  wire  grid  construction,  as  shown  in 
Fig.  15(a),  provide  a  very  good  theoretical  performance.  The  normalized  grid  susceptance  values  for 
the  outer  grid  at  S-band  are  Bi/Y0  =  —2.277  and  B^/Y0  =  —4.216.  For  convenient  wire  spacing  and 
wire  size  that  matches  an  available  wire  gauge,  the  calculated  values  are  B{/Y0  =  —2.276  and  B-JYq 
=  -4.213,  giving  the  performance  described  in  Fig.  15(b).  The  grid  locations  for  this  performance  are 
29.5°  for  the  inner  grid  and  85°  for  the  outer  grid  to  inner  grid  spacing 

Although  No.  39  wire  was  originally  planned  for  the  outer  grid,  it  was  found  to  be  too  delicate 
and  was  difficult  to  handle.  Wire  size  No.  36  was  used  and  compensated  by  increasing  wire  spacing  to 
maintain  the  desired  susceptance.  Also,  it  was  conveniently  the  same  size  wire  as  the  inner  grid.  Since 
the  larger  wire  spacing  was  approaching  the  limit  indicated  by  Hannan  [2],  where  grating  lobes  may 
result  in  energy  scatter,  samples  were  measured  but  no  grating  lobe  problems  were  observed. 

Two  problems  occurred  in  the  fabrication  process.  The  delivered  precision  cut  dielectric  core  was 
thinner  and  apparently  had  a  lower  dielectric  constant  than  specified.  Also,  the  resultant  dielectric  skin 
was  thicker  than  planned.  The  skin  was  made  of  7  mil  fiberglass  and  epoxy  with  the  intent  of  maintain¬ 
ing  approximately  7  mil  finished  thickness  as  accomplished  with  samples.  However,  more  epoxy  was 
applied  than  anticipated. 
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Fig.  14  —  Data  from  measurements  of  16-in.  square  twist  reflector  samples  in  anechoic  chamber 
(indicated  angle  is  twice  the  aspect’angle) 
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(b)  (c) 

Fig.  15  —  Twist  reflector  design  (a),  and  comparison  of  theoretical  data  and 
sample  measurements  at  (b)  3.0  GHz,  and  (c)  9.3  GHz 


Fortunately,  these  two  changes  in  parameters  compensated  each  other  in  performance.  The 
delivered  core  was  estimated  to  give  effective  inner  grid  spacing  from  the  conducting  plane  reduced  to 
28°  as  well  as  separation  between  grids  reduced  to  83°.  The  dielectric  skin  was  estimated  to  give  a  nor¬ 
malized  capacitive  susceptance  between  0.02  and  0.06.  The  performance  for  the  new  core  thickness  and 
this  range  of  susceptance  values  is  plotted  in  Fig.  16.  The  results  show  that  very  good  performance  is 
retained  over  this  range  of  capacitive  susceptance  values. 

MIRROR  FABRICATION 

As  previously  discussed,  the  wire  construction  was  selected,  since  it  provided  the  most  consistent 
grid  diameter  and  least  potential  for  losses.  The  fabrication,  by  manually  placing  wires,  seemed  some¬ 
what  tedious,  but  was  accomplished  with  only  a  few  hours’  effort. 

The  construction  was  a  sandwich  of  lightweight,  low-loss,  and  low-dielectric  constant  polyurethane 
foam  and  wire  grids  glued  to  an  aluminum  honeycomb  base  which  provided  the  conducting  surface.  A 
spray  adhesive  (3M  No.  90)  was  used.  The  first  layer  of  foam  was  glued  to  the  honeycomb  base.  The 
first  wire  grid  was  placed  on  the  first  layer  of  foam  with  a  special  jig  for  wire  spacing  and  held  in  place 
with  the  spray  adhesive.  Figure  17  shows  the  wire-holding  jig  specially  machined  for  precision  spacing 
of  the  wires.  Observe  the  layered  edge  of  the  twist  reflector  from  the  first  darker  layer,  which  is  the 
aluminum  honeycomb  base  (providing  the  conducting  surface),  to  the  first  layer  of  foam  (thinner 
layer),  next  the  inner  grid  (not  visible),  then  the  outer  layer  of  foam,  and  finally  the  outer  grid  wires  in 
place  ready  for  gluing.  Figure  18  shows  the  wires  being  placed  in  position,  and  Fig.  19  shows  the 
adhesive  being  sprayed  on  the  outer  grid.  The  grid  wires  were  then  trimmed  at  the  edge  of  the  twist 
reflector. 
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Fig.  16  —  Twist  reflector  performance  (curves  1,  2,  and  3)  for  the  indicated  values  of  normalized 
capacitive  susceptance  of  the  outer  protective  layer  at  (a)  3.0  GHz,  and  (b)  9.3  GHz 


Fig.  17  —  Partly  contructed  twist  reflector  and  wire-spacing  jig 
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Fig.  18  —  Placing  wires  on  twist  reflector  for  outer  grid 


Fig.  19  —  Spraying  adhesive  to  hold  outer  grid  wires  in  place 
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The  twist  reflector  was  then  coated  with  7  mil  fiberglass  impregnated  with  epoxy  to  provide  a  pro¬ 
tective  outer  layer.  The  dual-band  mirror  with  2.18-m  diameter  and  aluminum  honeycomb  base 
weighed  20  kg.  This  was  within  bounds  for  the  necessary  lightweight  construction. 

SUMMARY 

A  dual-band  polarization  twist  mirror  was  constructed  to  operate  at  3.0  and  9.3  GHz.  Theory  pro¬ 
vided  design  parameters  to  obtain  a  perfect  90°  polarization  twist  with  a  two-layer  grid  at  one  aspect 
angle.  At  other  aspect  angles,  the  polarization  twist  was  not  a  perfect  90°,  but  its  performance  could  be 
held  to  acceptable  values. 

A  computer  was  programmed  to  plot  twist  reflector  performance  vs  aspect  angle.  This  allowed 
optimization  of  parameters  to  best  fit  practical  fabrication  and  operational  constraints.  The  mirror 
design  and  fabrication  are  described. 
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Appendix 

PERFORMANCE  VS  PLANE  OF  ANGLE  OF  INCIDENCE 

The  performance  of  a  polarization  twist  mirror  vs  aspect  angle  has  been  generally  treated  as  if 
there  were  no  relation  between  the  plane  in  which  the  aspect  is  taken  and  the  direction  of  the  grid 
wires.  Most  analyses  of  the  wire  grids  are  based  upon  the  assumption  that  the  aspect  angle  is  in  a  plane 
that  is  normal  to  the  wire  grid  as  shown  in  Fig.  6  for  an  aspect  angle  a.  However,  further  analysis  of 
grid  susceptance  vs  an  arbitrary  angle  of  incidence  was  performed  by  Wait  [6],  He  shows  that  grid  sus- 
ceptance  is  the  same  function  of  aspect  angle  (where  wire  spacing  is  small  compared  to  a  wavelength, 
and  the  wires  are  metallic)  whether  the  plane  of  the  angle  of  incidence  is  either  parallel  or  perpendicu¬ 
lar  to  the  wire. 


This  is  expressed  by: 


Bw 

Yo 


X 

S  cos  a  cos  /3 


where  a  and  /3  are  defined  in  Fig.  6, 


S  is  wire  spacing  between  center,  and 


d  is  wire  diameter. 


(Al) 


Aspect  angles  in  other  planes  are  of  interest,  particularly  the  plane  at  45°  to  the  grid  wires.  In  this 
case,  Bj  70  does  not  have  a  simple  cosine  relative  to  aspect  angle. 


Figure  Al  illustrates  the  geometry  of  an  aspect  angle  y  in  a  plane  of  orientation  co  relative  to  the 
a  aspect  plane  which  is  perpendicular  to  the  grid  wires  (see  Fig.  6).  The  relation  of  y  and  w  to  a  and  /3 
can  be  observed,  and  the  function  cos  a  cos  (3  of  Eq.  (Al)  can  be  expressed  in  terms  of  y  and  w.  It  is 
observed  in  Fig.  Al  that 


and 


cos  a  = 


V cos2  y  +  sin2  y  cos 


(A2) 


cos  (3  = 


cos  y 


Therefore, 


cos  a  cos  0  = 


V cos2  y  +  sin2  y  sin2  w 


cos2  y 


vcos2'y  +  si^'ycos2to  Vcos2  y  +  sin2  y  sin2  u> 


(A3) 

(A4) 


The  plane  of  major  interest  is  where  co  =  45°  and  Eq.  (A4)  reduces  to 

cos  a  cos  13  =  2  CQS  7  •  (A5) 

1  +  cos 1  y 

The  aspect  angle  function  vs  aspect  is  plotted  in  Fig.  A2  for  the  case  where 
o>  =  0 0  or  (cos  a)  and  co  =  45 0  2  cos2  y/ (1  +  cos2  y ) .  It  is  observed  that  there  is  very  little  difference 
in  the  aspect  angle  function  as  the  plane  of  the  aspect  angle  is  rotated  for  the  aspect  angle  range  of 
interest  (0°  to  45°). 
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WIRE  GRID 


UNIT  VECTOR  IN 
DIRECTION  OF  ASPECT 


Fig.  A1  —  Parameters  for  illustration  of  variable  aspect  geometry 


ASPECT  ANGLE 


Fig.  A2  —  Variation  vs  aspect  angle  for  a  0°  (cos  a)  and  a 
45°  [2  cos2  a/ (1  4*  cos2  a)]  orientation  relative  to  the  grid 
wires 


Plots  of  the  undesired  polarization  component  P(u),  (see  Eq.  17),  are  used  in  the  report  to  assess 
mirror  performance.  Because  of  the  different  function  Bw  vs  aspect  angle,  the  possibility  of  a  significant 
difference  in  performance  between  the  parallel  or  perpendicular  aspect  plane  and  the  45°  aspect  plane 
was  a  concern.  Figure  A3  was  plotted  for  the  parallel  and  perpendicular  planes  and  the  45°  plane. 
Insignificant  differences  were  observed. 

All  plots  used  in  this  report  were  checked  for  parallel,  perpendicular,  and  45°  aspect  planes,  and 
no  significant  differences  were  observed.  Therefore,  it  is  concluded  that  the  performance  is  essentially 
independent  of  the  angle  of  the  plane  in  which  the  angle  of  incidence  occurs. 
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(a)  (b) 

Fig.  A3  —  Undesired  polarization,  parallel  or  perpendicular  to  the  grid 
(dashed  line)  and  at  45°  to  the  grid  (solid  line)  at  (a)  3.0  GHz,  and  (b) 
9.3  GHz 
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